Ultraviolet B (UVB) light is the principal aetiological factor associated with non-melanoma skin cancer, the most prevalent group of malignancies in the Caucasian population. Exposure to environmental chemicals has also been shown to promote skin carcinogenesis and, as for UVB, this is associated with the acquisition of genomic DNA damage. Cells respond to DNA damage by inducing cell cycle arrest to facilitate DNA repair, although apoptosis will occur if the damage is excessive. Oncogenes may drive carcinogenesis by disrupting the balanced control of cell cycle progression, DNA repair and apoptosis, allowing for the propagation of cells with damaged DNA. The transcription factors GLI1 and GLI2 have been implicated in both the initiation and progression of several cancers, including basal cell carcinoma. Here we show that GLI1 and an active mutant of GLI2 (DNGLI2) promote apoptotic resistance in N/TERT human keratinocytes upon exposure to UVB and the DNA-alkylating chemicals such as methyl methanesulphonate (MMS) and N-ethyl-N-nitrosurea. Compared with control and untreated N/TERT-GLI1 and -GLI2 cells, those that survived genotoxic insult formed significantly more colonies in soft agar and were significantly more invasive when grown in threedimensional organotypic collagen gel cultures. Indeed, surviving N/TERT-GLI1 and -GLI2 cells expressed higher levels of the epithelial-to-mesenchymal transition markers Snail and vimentin, and a subpopulation of MMS-treated cells displayed an elongated fibroblast-like morphology with decreased levels of E-cadherin. Finally, whereas Bcl2 was strongly increased in N/TERT-GLI2 cells, the level of induction was weak in N/TERT-GLI1 cells, indicating that GLI1 may activate anti-apoptotic mechanisms(s) independently of Bcl2. In summary, our results show that GLI1 and GLI2 facilitate the propagation of cells with damaged DNA, and thus their expression may be naturally higher in cells that form the earliest precursor tumour lesions.
INTRODUCTION
Non-melanoma skin cancers, basal cell carcinomas (BCCs) and squamous cell carcinomas, are the most prevalent cancers in the Caucasian population. Although not frequently metastatic, they cause a high level of morbidity and financial burden. 1 Individuals with fair (type I) skin or who are immunosuppressed are at highest risk within a population. 2, 3 The main environmental aetiological factor is ultraviolet B (UVB) light irradiation from the sun, but additional factors include environmental arsenic exposure and polycyclic hydrocarbon (principally benz-a-pyrene) exposure. 4, 5 UVB and chemical genotoxins promote carcinogenesis, thus damaging DNA and resulting in adduct formation. Cells respond by inducing cell cycle arrest followed by DNA repair or apoptosis. The removal of DNA adducts through nucleotide or base excision repair mechanisms is error prone and may lead to mutations, for example, errors associated with DNA repair of UVB-induced adducts have been shown to cause signature mutations, for example, C to T or CC to TT base transitions. 6 Aberrant Hedgehog (HH) signalling, predominantly via Patched 1 (PTCH1) loss-of-function or smoothened gain-of-function mutations, has been shown to be the key molecular process in BCC development. 7, 8 PTCH1 mutations have also been reported to have a role in squamous cell carcinomas malignancy. 9, 10 Furthermore, HH signalling has been shown to be important in cell survival and carcinogenesis in a range of cell types and cancers, including hepatocellular carcinoma, prostate cancer and medullablastoma. [11] [12] [13] Inhibition of HH signalling or GLI activity has been shown to enhance the susceptibility to apoptosis in a wide range of cancer cells, including hepatocellular carcinoma, breast cancer and colon cancer cells. [14] [15] [16] Primarily, HH signalling is important in embryonic development and it is also active in hair follicles where it is believed to have a role in the hair cycle and stem cell maintenance. 12, [17] [18] [19] [20] Hair follicle stem cells from the bulge region are one of the possible cells of origin from which BCCs develop. 21 In BCC, loss-of-function mutations in PTCH1 releases the repression of smoothened, thus resulting in the activation of GLI2 and upregulation of the GLI1 transcription factor. 17, 20, 22 GLI1 and GLI2 have been shown to promote cell survival by upregulation of the anti-apoptotic BCl2 and cFLIP proteins in models of BCC. 23, 24 In E1A-immortalized rat kidney epithelial cells (RK3E), GLI1 has been shown to drive malignant transformation through multiple downstream pathways that include increased expression of Cyclin D2 and Snail, and downregulation of Plakoglobin. 25, 26 Indeed there is mounting evidence to show that, as well as their role in HH signalling, GLI1/GLI2 also have a crucial role downstream of transforming growth factor beta (TGF-b), a major inducer of epithelial-to-mesenchymal transition (EMT).
is insufficient to induce cellular transformation without additional changes. 27 Schnidar et al. 28 recently showed that epidermal growth factor receptor (EGFR) activation of the MEK/ERK/JUN pathway has a synergistic effect upon GLI1 in oncogenic transformation of HaCaT keratinocytes. Another emerging mechanism through which the GLI proteins may promote cell transformation is genomic instability: ectopic GLI1 was shown to disrupt ChK1 phosphorylation in HEK293 cells following DNA damage, thus allowing the cells to escape cell cycle arrest and continue proliferating. 29 We have previously shown transcription factor FOXM1 (a target of GLI1) to be upregulated in BCC, and upregulation of FOXM1 in human keratinocytes induces genomic instability. 30, 31 More recently, we have shown that expression of constitutively active GLI2 (GLI2DN) in N/TERT keratinocytes leads to downregulation of cell cycle regulators p21 WAF1/CIP1 and 14-3-3s and upregulation of anti-apoptotic BCL2, resulting in genetically unstable cells (manuscript submitted for publication).
As GLI activation is known to be a significant factor in skin carcinogenesis, we investigated the potential synergy with the known skin carcinogen UVB and chemical carcinogens methyl methanesulphonate (MMS) and N-ethyl-N-nitrosurea (ENU) in human keratinocytes. Here we show that GLI1 and GLI2 induce resistance to apoptosis in the human N/TERT keratinocyte cell line upon exposure to UVB or the genotoxic chemicals MMS and ENU. Apoptotic resistance and increased cell survival allows for the propagation of DNA damaged cells. Surviving GLI1/DNGLI2 keratinocytes show increased frequency of anchorage-independent proliferation and invasion in three-dimensional (3D) culture, as well as characteristics of EMT.
RESULTS

GLI1 and DNGLI2 enhance apoptotic resistance in human keratinocytes
The HH effector proteins GLI1 and GLI2 have been shown to promote cell survival by upregulation of BCl2 and cFLIP in models of BCC. 23, 24 To further investigate how GLI can bypass the effects of genotoxic insult and perpetuate carcinogenesis in keratinocytes, we investigated the effects of known carcinogens on the N/TERT human keratinocyte cell line ectopically expressing the GLI1 or DNGLI2 oncogenes. We used the hTERT immortalized N/TERT-1 cell line as it has been shown to have a relatively stable genome and maintain normal growth and differentiation characteristics in organotypic culture. 32 Using pBabepuro (pBP) retroviral vectors, stable expression of ectopic GLI1 and GLI2 (DN) was detected by western blot and quantitative PCR (q-PCR) (Figures 1a-c ). GLI1 and GLI2(DN) transcriptional activity was confirmed by increased expression of the target gene PTCH1 in N/TERTpBPGLI1 (NTGLI1) and N/TERT pBPDNGLI2 (NTDNGLI2) cells compared with empty pBP vector-containing cells (NTpBP) (Figure 1d) .
No significant changes in cell cycle progression were observed by PI flow cytometry in untreated cells (Supplementary Figure  S1A) . However, at both 8 and 24 h post exposure to genotoxic agents MMS, ENU or UVB (25 mJ/cm 2 ), NTGLI1 and NTDNGLI2 keratinocytes showed significantly lower levels of apoptosis than the control (empty vector) as assessed by Annexin V (Figure 2a ) and propidium iodide flow cytometry (Supplementary Figure S1) .
Correspondingly, western blot analysis showed significantly lower levels of cleaved caspase 3 in response to MMS or UVB exposure in NTGLI1 and NTDNGLI2 cells compared with N/TERT alone or control NTpBP cells.
NTDNGLI2 keratinocytes showed a consistently lower level of apoptosis than the NTGLI1-expressing cells in response to UVB, MMS and ENU. This could be due to the increased transcriptional activity of DNGLI2 over GLI1, leading to greater expression of anti-apoptotic Bcl2 (Figure 2b) . In NTDNGLI2 cells, the lower level of apoptosis and reduced cleavage of caspase 3 correlated with an increased expression of Bcl2. Moreover, the greater apoptotic sensitivity of NTGLI1 cells compared with DNGLI2 cells also appears to correlate with lower levels of BCL2 expression.
Enhanced anchorage-independent growth of GLI cells that survive genotoxin exposure To determine whether the NTGLI1 or NTDNGLI2 cells that survived exposure to MMS, ENU or UVB had additional pro-survival characteristics, cells were cultured in non-adherent conditions (on 1% agarose-coated plates). This assay allows for selection of cells with a partially transformed phenotype that are able to overcome normal cell cycle regulation and apoptosis due to detachment from extracellular matrix (anoikis), but have not necessarily gained the invasive features of transformed cells that are required to grow in agar. After 14 days, the suspended cells were plated onto adherent plates and after 24 h viable colonies were visualized by crystal violet staining ( Figure 3a) . As N/TERT keratinocytes are non-tumorigenic and do not show anchorageindependent growth or resistance to anoikis, 32 no transformed colonies were observed in the control NTpBP cell line. However, expression of GLI1 or DNGLI2 alone was enough to allow survival without adhesion at very low frequency, with B1 colony formed per 1 Â 10 5 NTGLI1 cells and 2.5 colonies formed per 1 Â 10 5 NTDNGLI2 cells. In populations that had been exposed to MMS, ENU and UVB, the frequency of non-adherent survival was significantly higher than unexposed cells. Very few NTpBP keratinocytes survived exposure to MMS, ENU or UVB and culture in non-adherent conditions. In contrast, NTGLI1 and NTDNGLI2 keratinocytes were able to form significantly greater number of colonies after culture in non-adherent conditions, exhibiting resistance to anoikis. In MMS-exposed NTGLI1 cells, B20 cells per 1 Â 10 5 cells were viable after non-adherent culture/ resistant to anoikis, whereas in MMS-exposed NTDNGLI2 keratinocytes, the frequency was up to 30 cells per 1 Â 10 5 cells. ENU exposure had slightly less effect with a frequency of only 8 (NTGLI1) and 12 (NTDNGLI2) cells giving rise to colonies from 1 Â 10 5 cells seeded. In UVB-exposed NTGLI1 and NTDNGLI2 cells, the frequency was B17 and 25 colonies per 1 Â 10 5 cells, respectively. In addition, the number of colonies formed after non-adherent culture there was variation in the size of the colonies. To quantify both the total number and size of the colonies formed, retention of crystal violet stain was quantified (Figure 3b ). This showed that NTDNGLI2 cells gave rise to not only more colonies than NTGLI1 and control cells, but that the colonies were larger, suggesting a higher rate of proliferation.
To further investigate the anchorage-independent growth characteristics of NGLI1 and NTDNGLI2 cells, those cells that survived carcinogen exposure were further cultured in soft agar for 2 weeks. NTGLI1 and NTDNGLI2 cells post MMS, ENU and UVB exposure formed significant number of colonies in soft agar after 14 days at frequencies similar to that observed in the nonadherent culture assay (Figure 3c ). In contrast, o1 colony per 1 Â 10 5 parental N/TERT or control NTpBP keratinocytes seeded, and low colony numbers were observed in unexposed NTGLI1 and NTDNGLI2 cells (B2 and 4 per 1 Â 10 5 cells, respectively) ( Figure 3c ). These data suggest that expression of NTGLI1 and NTDNGLI2 alone was sufficient to give cells a growth advantage when compared with control N/TERT or NTpBP cells, but that this was significantly enhanced after exposure to genotoxic agents.
Cells that survived exposure to genotoxic agents and nonadherent culture showed increased phosphorylation of Histone H2AX, (Figure 3d ) which occurs in response to DNA double-strand breaks to promote either DNA repair or apoptosis by recruitment of factors associated with these mechanisms. 33, 34 The prevalence of phospho-Histone H2AX-positive nuclei indicates that the NTGLI1MMS, NTDNGLI2MMS, NTGLI1UVB and NTDNGLI2UVB cells were surviving despite carrying DNA damage inflicted by the MMS or UVB. As expected, the N/TERT, NTpBP, NTGLI1 and NTDNGLI2 cells displayed a much lower percentage of phosphoHistone H2AX-positive nuclei, although the percentage of positive nuclei in NTGLI1 and NTDNGLI2 was slightly higher than in control NTpBP and N/TERT cells, which may correlate with the slightly higher number of colonies observed in the crystal violet assay.
MMS-and UVB-transformed Gli keratinocytes show enhanced invasion in organotypic culture
Having observed anchorage-independent growth for NTGLI1 and NTDNGLI2 cells before and after exposure to UVB or MMS in soft agar, we investigated their behaviour in a standard 3D organotypic model. 35 N/TERT, NTpBP, NTGLI1 and NTDNGLI2 keratinocytes were cultured on collagen type I gels containing primary human fibroblasts and 25% Matrigel ( Figure 4A ). After 14 days at the air/liquid interface, the N/TERT and NTpBP control cells formed a stratified epithelium, with terminal differentiation evident in the upper layers. NTGLI1 cells also exhibited stratification and differentiation in the upper layers, although there tended to be more layers than the control cells indicative of hyperproliferation or delayed differentiation; however, quantification showed no statistically significant difference from NTpBP cells ( Figure 4B ). Quantification of the thickness of the stratified epithelial layer produced in NTDNGLI2 cells showed it to be significantly thicker than for N/TERT or NTpBP keratinocytes (Fig. 4) . In addition, marked downgrowth into the collagen gel was observed with NTDNGLI2 cells but not N/TERT or NTpBP cells, whereas NTGLI1 gave rise to occasional downgrowths.
NTGLI1MMS and NTDNGLI2MMS cells both formed stratified epithelia but also developed multiple invasive downgrowths into the collagen gel. These cells showed a much greater potential to invade (Figures 4Ae and f) into the collagen gel while still maintaining a stratified upper layer. Perhaps due to the number of downgrowths, the thickness of the intact epidermal-equivalent layer was not as great as observed for unexposed NTDNGLI2 cells ( Figure 4B ). UVB-exposed NTGLI1 and NTDNGLI2 cells (NTGLI1UVB and NTDNGLIUVB) when grown on collagen gels also formed stratified layers and showed downgrowth (Figures 4Ag and h ). The number of invasive downgrowths detached from the epidermal layer per section was much lower than observed in MMS-treated cells but still significantly higher than observed with N/TERT, NTpBP, NTGLI1 or NTDNGLI2 cells ( Figure 4B ). Furthermore, the invasive downgrowths were larger and more nodular in NTDNGLI2UVB cells than in NTDNGLI2MMS cells, which appeared more infiltrative.
MMS-transformed GLI1 and DNGLI2 N/TERT keratinocytes exhibit characteristics of EMT NTGLI1MMS and NTDNGLI2 MMS cells cultured in normal adherent conditions exhibited two distinct phenotypes: a normal population that resembles the N/TERT control line with a cobblestone-like morphology and a subpopulation that displayed an elongated fibroblast-like morphology characteristic of cells subject to EMT (Supplementary Figure 2) . To investigate this further, the expression of vimentin, a marker of mesenchymal cell types, 36 was investigated by q-PCR ( Figure 5A ). In NTGLI1MMS and NTDNGLI2MMS cells, VIM mRNA levels were shown to be significantly increased. Surprisingly, however, a high level of VIM induction was also detected in NTGLI1UVB and NTDNGLI2UVB cells, which do not exhibit mesenchymal-like morphology. GLI1 has been shown to upregulate the transcription factor Snail, a driver of EMT, inducing EMT in mouse keratinocytes. 37 q-PCR showed that Snail mRNA expression levels were greatly increased in NTGLI1MMS and NTDNGLI2MMS cells, and NTDNGLI2UVB keratinocytes but no significant difference was seen in SNAI1 mRNA expression in unexposed NTpBP, NTGLI1 and NTDNGLI2 Figure 3 and Supplementary Data). Attempts to isolate the two phenotypes by single-cell cloning proved to be unsuccessful, thus suggesting that the cells may have acquired the ability to switch between cobblestone-like and fibroblast-like morphologies. As RNA extracts were taken from the whole population of cells, it is possible that a subpopulation of cells express higher levels of Snail, Vimentin and N-c adherin than others. Snail induces EMT through repression of E-cadherin, a type I integral membrane protein. 26, [38] [39] [40] Immunofluorescent localization showed normal membrane-associated E-cadherin expression in NTGLI1 and NTDNGLI2 cells (Figures 5Ca and b) . In NTGLI1MMS and NTDNGLI2MMS cells, the majority of the cells, with a 'cobblestone' phenotype, have E-cadherin localized at the cell membrane. However, the EMT-like morphology cells show a loss of E-cadherin; furthermore these cells also showed expression of Vimentin, which was not detected in the control NTGLI1 and NTDNGLI2 cells (Figures 5Cc and d) . Although NTGLI1UVB and NTDNGLI2UVB populations did not show any marked EMT-like morphology, immunofluorescent localization also revealed a small population of cells that had lost E-cadherin and gained Vimentin expression without showing significant morphological changes (Figures 5Cd and e) . DISCUSSION GLI2 activation and GLI1 upregulation are known to be important in the development of BCC and also to have a role in squamous cell carcinomas progression. 7, 8, 10 GLI expression promotes tumourigenesis in a range of other tissues by increasing cell survival and proliferation via targets genes including Bcl2, cFLIP and Cyclin D2. 23, 24 The aim of this study was to investigate how keratinocytes expressing increased levels of GLI1 and GLI2 would respond to carcinogenic insult with UVB, MMS and ENU in an attempt to understand the process(es) by which these oncoproteins contribute to carcinogenesis. We confirmed previous studies showing upregulation of Bcl2 expression by active GLI2 and to a lesser extent GLI1. 23 Furthermore, we demonstrated that N/TERT keratinocytes expressing GLI1 or active GLI2 have strong resistance to apoptosis induced by UVB, MMS and ENU. Resistance to apoptosis is one way by which cells can escape the tight regulation required for maintenance of DNA and promote carcinogenesis. 41 Both NTGLI1-and NTDNGLI2-expressing cells displayed increased resistance to apoptosis following genotoxic insult (by UVB, MMS or ENU), and they were also resistant to anoikis, showing increased frequency of colony formation upon prolonged culture in non-adherent conditions. The suppression of GLI1 in ovarian cancer cells has recently been shown to induce anoikis, 42 and our results provide additional evidence to the importance of GLI1 and potentially GLI2 to anoikis resistance. In most experiments carried out by us, we observed that GLI2 was more potent than GLI1 (Figures 2-5) . That GLI1 and GLI2 provide resistance to both UVB and chemical-induced apoptosis, which suggests that the mechanism of resistance is unlikely to be through modulation of specific DNA repair mechanisms because of the different types of DNA damage caused; this is further supported by the presence of phospho-Histone H2AX-positive nuclei in the majority of NTGLI1MMS, NTGLI1UVB, NTDNGLI2MMS and NTDNGLI2UVB cells, thus indicating that these cells carry damaged DNA. 43 Taken together, our results suggest that overexpression of GLI1 or GLI2 confers a growth advantage to N/Tert-1 keratinocytes, which allows for a more rapid proliferation in 3D culture, giving rise to a thicker epidermal-equivalent layer. In addition, NTGLI1 and NTDNGLI2 cells formed occasional downgrowths ( Figure 4B ). In transgenic mice with K5-promoter driven overexpression of GLI1 or Gli2DN, multiple types of skin tumours were detected as early as 7 days after birth. 44, 45 In K5-hGLI2DN transgenic pigs, no gross tumours are observed after 14 days; however, histological examination revealed BCC-like downgrowths and epidermal hyperplasia along with additional abnormalities. 46 It might, therefore, be expected that NTGLI1 and NTDNGLI2 keratinocytes would form tumour-like downgrowths in organotypic culture more readily. However, it is not clear whether the mouse tumours are caused by particularly high levels of Gli1 or Gli2(DN) transgene expression or additional spontaneous mutations. 45 It is possible that more organotypic invasions would occur if culture was continued for a longer period of time (beyond 14 days). As MMSand UVB-transformed NTGLI1 and NTDNGLI2 cells form invasive downgrowths much more frequently than unexposed cells, our data would suggest that additional mutations, either spontaneous or genotoxin induced, are the most likely reason for the downgrowths we observe.
The nature of the downgrowths was quite different in the UVBexposed cells compared with the MMS-treated cells, suggesting The oncogenic GLI transcription factors W Harrison et al that the genetic changes providing the growth advantage were quite different between the populations. Despite the actions of MMS and UVB being random in where in the genome, they act some regions will be more exposed than others. The preferential DNA adducts formed by MMS and UVB differ with MMS preferentially methylating N3-deoxyadenine and N7-deoxyguanine, whereas UVB induces pyrimidine dimers that result in typical C to T transition, such as those mutations observed in TP53. UVB causes DNA single-strand break that can result in point mutations, whereas the DNA adducts formed by the action of MMS can result in double-strand breaks and chromosomal aberrations. 47 The MMS-exposed N/TERT pBPGLI1 and N/TERT pBPDNGLI2 cells formed a large number of small invasions that protruded deep into the collagen gel, whereas the UVB-transformed NTGLI1 and NTDNGLI2 cells formed fewer but larger invasions. The difference between cell invasion correlates with the phenotype of UVB-and (Figure 4) . One might predict the EMT-like population to be more invasive than the epithelial cobblestone population. Therefore, the NTGLI1MMS and NTDNGLI2MMS cells in which the EMT-like phenotype is more frequent would be predicted to have a more invasive phenotype, as observed. UVB-treated cells give a distinct downgrowth that resemble nodular BCC; further studies are needed to determine and identify whether specific mutations are responsible for this phenotype. The subtypes of BCC have been shown to have different expression profiles, for example, WNT5A and FZD2 were more highly expressed in nodular BCCs compared with superficial BCCs. 48 Further investigation into whether our results correlate with this study may help identify the drivers of the differing BCC phenotypes.
Colonies of NTGLI1 and NTDNGLI2 cells exposed to MMS and post non-adherent culture showed a highly plastic phenotype when returned to adherent culture. Within one population, two morphologies were observed: first the normal cobblestone-like morphology and second an elongated fibroblast-like morphology. This led us to investigate whether we were observing EMT. q-PCR analysis showed an increase in both the pro-EMT transcription factor Snail and the mesenchymal marker Vimentin. EMT is a process by which epithelial cells gain a mesenchymal-like phenotype necessary for migration and morphogenesis in development. 49 EMT-like phenomena have also been shown to be important in wound healing 50, 51 and also in skin cancer progression. [52] [53] [54] [55] [56] GLI1 and GLI2 have been shown to be important in regulating EMT in normal development, as well as tumourigenesis. 57 Indeed a direct link between GLI2 expression and loss of E-cadherin has been demonstrated in melanoma, which strongly supports our data. 58 Our results were build on previous studies showing that ectopic GLI1 transforms rodent keratinocytes, which correlates with increased Snail expression. 37, 38 Moreover, GLI1 has recently been shown to directly bind to the human SNAI1 promoter, helping drive EMT in hepatocellular carcinoma. 59 Here we show that the oncogenic GLI transcription factors promote keratinocyte cell survival upon carcinogenic insult and that this helps facilitate cell transformation and subsequently EMT. EMT may occur as a consequence of cell transformation and stem from specific types of DNA damage, but our data reveal that GLI actively contributes to this process, thus further emphasising the potency of these proteins in tumour biology.
In summary, we have shown by mimicking deregulation of HH signalling through elevated expression of the GLI1 and GLI2 transcription factors that keratinocytes may escape apoptosis after DNA damage. This leads, under certain selectional pressures, to the propagation of cells that have aberrant growth control, thus allowing for anchorage-independent growth, invasion and potentially EMT. Further studies will hopefully reveal in more detail the mechanisms and signalling pathways through which these processes occur.
MATERIALS AND METHODS
Cell culture N/TERT-1 32 human keratinocyte cell line was cultured in keratinocyte growth medium (KGM; a-MEM and 10% foetal bovine serum; both were obtained from Lonza, Basel, Switzerland) with 100 IU/l penicillin, 100 mg/l streptomycin, 1.8 Â 10 À 4 adenine, 5 mm/ml insulin, 0.5 mg/ml hydrocortisone, 10 ng/ml epidermal growth factor and 1 Â 10 À 10 cholera toxin (all the reagents were obtained from Sigma-Aldrich, Poole, UK). Cells were cultured at 371C in a humidified atmosphere of 5% CO 2 /95% air.
Retroviral transduction
Briefly, retroviral particles were generated using the Phoenix A packaging cell line as described previously.
27,60 N/TERT-1 were seeded out 24 h prior to retroviral transduction and treated with polybrene (hexadimethrine bromide; Sigma-Aldrich) for 5 min before exposure to retroviral supernatant. Cells were centrifuged at 350 g at 32 1C for 1 h in the presence of viral particles. Cells were washed with PBS, fresh KGM was added and returned to 37 1C at 5% CO 2 /95% air for 24 h prior to selection with puromycin (Invitrogen/Life Technologies, Paisley, UK).
Reverse transcription q-PCR
Total RNA was extracted using QIAGEN RNeasy mini kit (QIAGEN, Crawley, UK) according to the manufacturer's protocol and including DNase treatment. RNA concentration was quantified by NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Superscript III first-strand synthesis kit (Invitrogen/Life Technologies) was used for reverse transcription of 1 mg RNA according to manufacturer's protocol. q-PCR was conducted using an ABI 7500 machine and Power SYBR Green reagent mix (both Applied Biosystems/Life Technologies, Paisley, Scotland). For primer sequences and cycling conditions see Supplementary Table 1 . Expression of GAPDH mRNA was used as a reference control for relative quantification.
SDS-polyacrylamide gel electrophoresis western blotting
Whole-cell lysates were separated on SDS-polyacrylamide gels and transferred to nitrocellulose membranes by electrophoresis using standard protocols. Membranes were blotted with antibodies for GLI1, GLI2 (both were obtained from Santa Cruz Biotechnology, Dallas, TX, USA), caspase 3, Bcl2 (both were obtained from Cell Signaling, Danvers, MA, USA) and a-tubulin.
Apoptosis analysis of ENU-, MMS-and UVB-treated cells by Annexin V flow cytometry
Semi confluent cells grown in 10 cm dishes were exposed to either ENU, MMS or UVB at doses previously determined to induce partial apoptosis. After 8 and 16 h post exposure, the cells were detached using accutase (PAA, Yeovil, UK), washed in sterile PBS and incubated with Cy5-conjugated Annexin V (BD Biosciences, Oxford, UK) for 15 min in the dark. 4 0 ,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) (Sigma-Aldrich) was added prior to flow cytometry for cell viability detection. For each sample 1 Â 10 5 events were recorded using a LSRII flow cytometer with FACSDiva software (v5.1.03; both were obtained from BD Biosciences). The detector was set to linear.
Anchorage-independent growth cell transformation assay and crystal violet quantification Cells were plated in KGM on to 1% agarose gel-coated cell culture dishes at a density of 5 Â 10 5 per 100 mm dish. Medium was changed twice weekly; suspended cells were collected by centrifugation and reintroduced in fresh KGM. After 14 days, the surviving cells were transferred to adherent plates and cultured for 24 h. Viable colonies were quantified by staining with 0.05% crystal violet in distilled water. After images were taken, crystal violet was solubilized in methanol and quantified by measuring optical density at 540 nm using a spectrophotometer.
Soft agar colony formation assay
Cells were suspended in 0.4% agar in KGM at a density of 1 Â 10 4 cells per ml and cultured in six-well plates. After 14 days, colonies were stained with crystal violet, counted and images taken.
Immunofluorescent cytochemistry
Cells grown on coverslips were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS and blocked in 10% donkey serum in PBS. Cells were incubated overnight at 4 1C with primary antibodies and diluted in 1% BSA/0.3% Triton X-100/PBS. Follow three times 5 min washes with PBS, cells were incubated with secondary antibodies, Alexa Flour 488 or 568 (Invitrogen/Life Technologies) at room temperature in the dark. Finally, cells were washed three times again for 5 min and mounted onto slides in ProLong Gold þ DAPI (Invitrogen/Life Technologies). Images were taken on a Leica DM5000B microscope (Leica, Milton Keynes, UK).
Organotypic culture
Collagen gel organotypic cultures were prepared as published. 35 Briefly, 5.25 ml collagen type I (BD Biosciences) was mixed with 1.75 ml Matrigel (BD Biosciences), 1 ml 10 Â DMEM, 1 ml foetal bovine serum and 1 ml (5 Â 10 6 / ml) human primary dermal fibroblast suspension, transferred to a 24-well plate (1 ml/well) and allowed to polymerize at 37 1C. After 1 h, 1 ml of DMEM was added to each gel and the plates were returned to 37 1C for 24 h. N/TERT keratinocytes (and derived lines) were seeded on the top of the gels at a density of 5 Â 10 5 cells per gel in KGM. After another 24 h, the gels were removed from the 24-well plates and transferred on to collagen-coated nylon membranes (100 mm pores) and placed on stainless steel grids in six-well plates. KGM was added to the wells to the level of the membrane, leaving the gel at the air-liquid interface. Medium was changed every 2 days, and after 14 days, the gels were fixed in 10% formal saline for 16 h.
